CO2-Binding-Organic-Liquids-Enhanced CO2 Capture using Polarity-Swing-Assisted Regeneration  by Zhang, Jian et al.
 Energy Procedia  37 ( 2013 )  285 – 291 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
doi: 10.1016/j.egypro.2013.05.113 
GHGT-11 
CO2-Binding-Organic-Liquids-Enhanced CO2 Capture using 
Polarity-Swing-Assisted Regeneration 
Jian Zhang, Igor Kutnyakov, Phillip K. Koech, Andy Zwoster, Chris Howard, Feng 
Zheng, Charles J. Freeman, David J. Heldebrant* 
Battelle Pacific Northwest Division, Richland, WA, USA 99352 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
A new solvent-based CO2 capture process couples the unique attributes of non-aqueous, CO2-binding organic liquids 
(CO2BOLs) with the newly discovered polarity-swing-assisted regeneration (PSAR) process that is unique to switchable ionic 
liquids.  Laboratory measurements with PSAR indicate the ability to achieve a regeneration effect at 7 compared to a 
temperature of  using thermal regeneration only.  Initial measurements also indicate the kinetic behavior of CO2 release is 
also improved with PSAR.     
© 2013 Elsevier Ltd. All rights reserved 
CO2BOL, switchable ionic liquid, PSAR 
1. Introduction 
 Aqueous amine technologies are considered by the Department of Energy (DOE) to be the benchmark for 
CO2-capture from coal-fired power plants because they are the only operational technologies for CO2 removal at an 
industrial scale.1 However, applying aqueous amines to CO2 capture from coal-fired power plant is estimated to 
increase the levelized cost of electricity by more than 80%.1 One primary cost driver is the energy required for 
regeneration of aqueous amines, exacerbated by the water content of the solvent and corresponding regeneration 
temperature.1  One strategy to reduce the regeneration energy requirement is to develop an all-organic solvent 
system, which enables lower specific heat duties and higher CO2 loading capacities. Indeed, CO2-Binding Organic 
Liquids (CO2BOLs) were designed as a non-aqueous alternative to amines.   
 
CO2BOLs, derived from 
polar ionic liquid with CO2 as the chemical trigger.2 CO2BOLs mimic aqueous amine chemistry in that they exploit 
CO2 n organic system where water is replaced with an alcohol, 
with the caveat that the base is not directly reacting with CO2 (as is the case with primary and secondary amines 
forming carbamates).3-5 Thus, in an organic system wherein the base does not directly react with CO2, stronger bases 
are required to capture CO2 in the absence of water. The mixture of base and alcohol chemically reacts with CO2 to 
form liquid alkylcarbonate salts with CO2 capacities as high as 20 wt % at 1 atm of CO2 (Figure 1).2  
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Figure 1. Diazabicyclo[5.4.0]-undec-7-ene (DBU) and 1-Hexanol Binding of CO2 as a CO2BOL Liquid 
Alkylcarbonate Salt. 
 
We show here that CO2 loading can be controlled with the polarity of the CO2BOL solvent; more specifically, 
CO2 can be released from a CO2BOL through destabilization of the alkylcarbonate salt by means of a polarity switch 
controlled by the addition of a nonpolar solvent to the CO2-loaded alkylcarbonate. The destabilization effect from a 
second solvent enhances CO2 release, increasing the rate and degree of CO2 release from switchable ionic liquids, 
namely our CO2BOLs.  
2. Discussion 
Just as the equilibrium CO2 loading can be influenced by temperature, we hypothesized that the equilibrium 
loading could also be influenced by polarity. CO2BOLs are unlike aqueous amine-based CO2 capture solvents in that 
they undergo unique changes in polarity as a function of CO2 loading.2, 6 The first example of a polarity swing to 
assist in a regeneration to strip acid gases was demonstrated using an antisolvent swing regeneration (ASSR) with 
hydrogen-sulfide-binding organic liquids (H2SBOLs); H2SBOLs are switchable hydrosulfide ionic liquids formed 
between H2S and anhydrous tertiary alkanolamines.7 Here, the addition of hexanes to the H2S-rich amine removed 
97% of the H2 2S were mole fraction of antisolvent and antisolvent 
miscibility with the nonpolar form. CO2BOLs are conceptually the same but do not undergo a rapid and complete 
ASSR at standard temperature and pressure (STP) as do H2SBOL hydrosulfide ionic liquids because the strength of 
2SBOLs.7 For this reason 
heating is required to perform complete CO2 release utilizing a polarity-swing assisted regeneration (PSAR).  
 
Conceptually, the PS 2 release, 
because the equilibrium is shifted. In the presence of mild heating, CO2 begins to be released and the CO2BOL 
becomes less polar. The reduced polarity allows the antisolvent to become miscible, and the addition of the 
antisolvent then reduces the polarity of the solvent mixture. As more and more CO2 is released, the antisolvent 
becomes more soluble, which forces more CO2 release. One can envision the nonpolar antisolvent destabilizing the 
ionic form of a CO2BOL (the alkylcarbonate) and shifting the equilibrium to the left (Figure 1), in turn releasing 
CO2. While antisolvent is present, the CO2 release is still equilibrium controlled at a given temperature, but the 
equilibrium lies to the left (favoring lower CO2 loading) more so than a CO2BOL at a given temperature in the 
absence of antisolvent. Also, the presence of antisolvent induces a faster decrease in CO2BOL polarity, which 
results in faster CO2 release. 
 
2 release from CO2BOLs was 
measured using our automated gas burette system.8 The release rates for a 30 wt% monoethanolamine (MEA) 
solution were also measured so that the results could be relatively assessed. Each solvent was first loaded with CO2 
by sparging with pure CO2. Next, each sample container was immersed in a constant-temperature bath and stirred 
with a 1-inch stir bar at 300 rpm. Antisolvent was added for certain experiments just prior to immersion in the oil 
bath. The measured gas volume emitted from each sample, over time, quantified the CO2 release rates.   
 
Evidence for a change to equilibrium CO2-release experiments was measured using a DBU-propanol CO2BOL 
at several different temperatures and antisolvent (heptane) loadings. These results are shown in Figure 2. Heptane 
was chosen as a representative antisolvent because of its reduced volatility compared to hexanes and pentane; 
however, any nonpolar solvent that is miscible with the CO2BOL could be used as an antisolvent. The CO2-release 
profiles from DBU and 1-propanol loaded to 85% capacity (13.7 wt.% CO2) show first-order release profiles, with 
the degree of CO2 release dependent on temperature. The addition of one molar equivalent of antisolvent (heptane) 
to DBU and 1-propanol loaded with CO2 increases the amount of CO2 released at a given temperature. The amount 
of CO2 release with antisolvent a 2 
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total CO2 
CO2 rison with the CO2 release in the absence of antisolvent. 
The data show that the addition of antisolvent increases the amount of CO2 released from a CO2BOL during heating 
at a given temperature compared to a CO2BOL heated without antisolvent.  
 
 
Figure 2. CO2 Release with and without Heptane Antisolvent 
(heating began at 1 minute for each data series). 
 
Based on the data in Figure 2 the peak release rate of CO2 appeared to be enhanced with the addition of 
antisolvent. Table 1 shows the calculated rate of CO2 release from the experimental data shown in Figure 2.  Here, 
DBU and 1-propanol with no antisolvent had a maximum CO2 
comparable to the 1.0 mmol/min release rate from the MEA (30 wt%) 
nearly doubled the release rate from DBU-
measurements indicate release rates c
 
 
Table 1. Maximum CO2 Release Rates, with and without Antisolvent, from DBU-Propanol Initially Loaded to 13.7 
wt.%. Reference measurement included for 30% MEA loaded at 7 wt% CO2. 
                        Solvent                        
(preloaded with CO2)
Regeneration Maximum CO2 Release 
Rate [mmol/min ]
60 0.6
75 1.2
90 2.0
60 0.9
75 2.0
90 20
MEA (30 wt% solution) 120 1.0
DBU-PrOH (1:1 on a molar basis), no 
antisolvent added at regeneration
DBU-PrOH (1:1 on a molar basis), 1:1 
molar heptane (to DBU) antisolvent added 
at regeneration
 
 
In addition to influencing the kinetic release of CO2, the data in Figure 2 also show significant differences in 
total CO2 release as a function of antisolvent additions.  Therefore, a series of experiments were performed to 
determine the equilibrium loadings of CO2 at various regeneration temperature and antisolvent loadings.  Table 2 
shows the results of these experiments. All of the samples listed in Table 2 were initially loaded to 13.7 wt% CO2 at 
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1 atm of CO2 2 release was quantified by immersing the loaded solvent in a temperature-controlled 
bath and measuring the released gas volume.  With no antisolvent addition, the total releases of loaded CO2 were 
molar ratio to DBU, the CO2 temperatures.  
Several tests with higher antisolvent ratios suggest diminishing returns at loadings above 1:1 molar ratios. The CO2 
loading profiles in Table 2 were measured for DBU-1Propanol as a representative CO2BOL solvent, but other 
alcohol and base combinations exhibit similar loading behaviour.  
 
Table 2. Equilibrium CO2 Loading Profiles of DBU-1 Propanol Loaded to 13.7 wt%, with and without Heptane 
Antisolvent. 
CO2 Loading in BOL (wt%) at
Molar Ratios of 
Antisolvent 
(Heptane) : DBU : 
Propanol
Mass of 
Antisolvent           
(% of total DBU-
Propanol mass)
25°C 45°C 60°C 75°C 90°C 120°C
 0:1:1 0% 13.7% 12.7% 9.9% 8.6% 1.8% 0.0%
 0.5:1:1 24% 13.7% 12.5% 8.1% 2.3% 0.6% 0.0%
 1:1:1 47% 13.7% 10.8% 5.0% 0.5% 0.5% 0.0%
 2:1:1 94% 13.7% 10.6% 4.1% 0.4% 0.0% 0.0%
 
 
 
Another interesting result of these experiments is the apparent temperature dependence of the polarity-induced 
destabilization of [DBUH+] C3H7OCO2-
iminishing returns 
2 is left on the BOL. We attribute this effect to miscibility of the polar CO2-rich CO2BO 
and the non-
The temperature dependence suggests that antisolvent will not retard 
CO2 uptake in an absorbe  
 
For the PSAR process to impact the equilibrium loading of CO2 the free energy of the solution has to be 
changed by the addition of entropy or enthalpy. The addition of a chemically inert solvent should not change the free 
energy of solution because there is no chemical reaction.  However, enthalpy is being added to the system due to the 
heat of mixing. To our knowledge there are no literature published values of heats of mixing between non-polar 
solvents and amidine or guanidine bases, but there are published heats of mixing between non-polar solvents and 
alcohols.9,10 The heats of mixing between hydrocarbons such as hexanes and alcohols have been shown to be 
dependent on the number of OH groups, the chain length of the alcohol and temperature. Each OH group can 
contribute as much as -7.8 kJ/mol in enthalpy.9,10 The smaller and more polar the alcohol, the larger the heat of 
mixing is  a result which will be important for optimizing CO2BOL and antisolvent interactions. The most 
interesting phenomena with the heats of mixing is their temperature dependence.9,10 As the temperature increases, so 
does the heat of mixing between the two liquids.9,10 At lower temperatures the two liquids are less miscible. This 
observation correlates to our CO2 loading profiles presented in Table 2, where there was little to no CO2 release at 
25-
the CO2BOL is increasing with applied temperature, as miscibility increases between the antisolvent and the 
CO2BOL.  
 
 A key aspect PSAR is the separation and reintroduction antisolvent to the CO2 release step.  To this 
end a series of antisolvent recycling experiments were conducted using a nonvolatile CO2BOL; 1-Hexanol 
functionalized tetramethylguanidine (TMG-C6H12-OH). The results of the experiments are shown in Figure 3. 
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Here, TMG-C6H12-OH was repeatedly carboxylated and then decarboxylated with heptane as an antisolvent. 
The sample was recycled and recarboxylated with CO2 in the presence of 1 molar equivalent of heptane
showed complete release in less than 10 minutes. This process was repeated for five total cycles, showing no
significant loss in activity or selectivity.
Full separation of the antisolvent is desirable to allow higher CO2 loadings in addition to reducing pumping
and heating volumes. However, if small amounts of antisolvent were to carry over into the absorber the negative
effect on equilibrium loading would likely be minimal for reasons vide supra.  Jessop has repeatedly shown that the
presence of a nonpolar solvent does not prevent the CO2-lean CO2BOL from reacting with CO2 the CO2BOL is not 
2 uptake.2,6 We envision a process in which we decant the majority of the antisolvent off 
the CO2-lean CO2BOL only to reduce pumping and heating costs. Figure 3 illustrates the observed phase separation 
with a CO2-lean (4 wt% CO2) DBU-propanol CO2
miscible in the CO2-loaded BOL and phase separation occurred spontaneously upon CO2 release and cooling to
2BOL/antisolvent 
compositions, temperatures and lean CO2 loadings that promote near complete phase separation. 
Figure 3.  Hexadecane Antisolvent Phase Separation from DBU-Propanol, after CO2 Loading, 80%
(CO2
Figure 4 shows a high-level schematic of a high-level overview of the process envisioned for CO2BOLs with 
PSAR.  The incoming flue gas is cooled in a direct contact cooler to promote condensation of water to reduce the
amount of water entrainment into the CO2 2 is chemically 
reacted after which the CO2-rich CO2BOLs solvent is pumped to a regeneration column.  We envision the 
antisolvent would be added during regeneration to decrease the bulk polarity of the CO2-rich CO2BOL.  This
reduction in polarity destabilizes the chemically bound CO2, forcing CO2 to be released from the solvent.
induced release.  After release of the CO2, the antisolvent would then be removed from the CO2BOL by cooling. We
have observed liquid-liquid phase separation between the antisolvent and CO2BOL when the mixture is cooled 
below its critical temperature. The antisolvent would then be physically separated from the CO2BOL and the anti-
solvent can be returned to the absorption column.
Hexadecane
Antisolvent
CO2- el an BOL
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Figure 4.  CO2BOLs Absorption and Polarity-Swing-Assisted Regeneration Conceptual Flow Chart 
 
Conclusion 
 
 CO2BOLs solvents have been identified as potentially lower energy alternatives to aqueous amines yet the 
sensible heat is lower due to the lack of water.  Additionally, the newly identified impact of polarity on CO2 release 
from CO2BOLs suggests further enhancements to both the regeneration kinetic and unloading performance of the 
solvent system.  The results reported here show CO2 -assisted 
regeneration, that meet or exceed those for aqueous amines (and CO2
addition to energy savings lower regeneration temperatures also reduce solvent attrition rates compared to 
conventional thermal regeneration, due to lower evaporative losses and less thermal degradation. The prospect of 
 advantage of even greater 
energy savings.   
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